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Abstract 


The present work addresses the problems of synthesis and testing of easily testable PLA-based 
Finite State Machines (FSM). A new system, named FISTEM, for testability synthesis and test 
generation of PLA-based FSMs is proposed. 

A nonscan design methodology, based on constrained state assignment and logic optimization, 
is used which guarantees testability for all combinationally irredundant crosspoint faults in the 
PLA. State assignment technique used, which was originally proposed for multilevel logic imple- 

v- 

mentation, is shown to be effective in minimizing the number of product terms in an optimized 
PLA implementation. 

Effect of single crosspoint defects in programmable arrays on their input-output relations has 
been studied and the necessary constraints required for testability synthesis of a PLA-based 
Moore or Mealy finite state machine have been formulated. FISTEM makes use of the logic min- 
imization program ESPRESSO to obtain optimized, prime and irredundant two-level covers for 
output logic (OL) and next state logic (NSL) functions of the FSMs. 

Test sequences for all the testable crosspoint faults are obtained using combinational test gener- 
ating techniques alone. An exact algorithm is used for this to obtain maximum fault coverage. 
Some powerful heuristics in the area of back end fault simulation and “don’t-care” bit fixing are 
also used in the program, for test set minimality. 

For most of the state machine examples considered, the system works very efficiently to pro- 
duce an optimized easily testable PLA-based logic implementation and a compact set of test 
sequences to cover all the irredundant faults in the PLA. These results show that the area overhead 
in return for easy testability is small. 
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Chapter 1 

Introduction 

The present work addresses the problems of synthesis and testing of easily testable PLA-based 
finite state machines. A new system, named FISTEM, for testability synthesis and test generation 
of PLA based FSMs is proposed. An attempt has been made to use logic synthesis for achieving 
testability for all the testable crosspoint faults in the in the PLA implementations of FSMs. A 
review of the available literature, and a brief introduction to the present approach follow in the 
subsequent sections of this chapter. An overview of the system developed and the organization of 
the thesis are also included. 

1 . 1 Introduction 

The introduction of LS I/VLSI technology has made it possible to place large and complex cir- 
cuits in a single chip. This in turn has substantially increased the difficulty of both designing and 
testing digital circuits. The ever increasing complexity of circuits and systems require new and 
better design methodologies, more powerful CAD tools for realization and verification, and new 
approaches to the growing problem of testing. 

As the number of gates per ICs increase steadily, the number of pins per gate is following an 
opposite trend. The consequence is an increase in the logic and sequential depths, causing the cost 
and time spend on testing to rise exponentially. This makes it necessary to consider the subse- 
quent testing problem, in the development stage itself. Given the fact that future electronic sys- 
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terns will rely heavily on CAD tools, it is clearly important that the testability factors be integrated 
into these CAD tools. Such an approach has been adopted in FISTEM, which uses a procedure of 
constrained state assignment and logic optimization to obtain easy testability for PLA-based 
FSMs. 

PLA macros have gained tremendous popularity in complex VLSI system design owing to their 
topologically regular structure and to the efficient software tools (. e.g ., [18], [26]) which are now 
available for two stage logic implementation and test generation. The programmable nature of the 
PLA makes the design task much easier and its array oriented structure simplifies the testing prob- 
lem. This approach exploits many of the benefits of LSI/VLSI without the high engineering 
design costs. Finite state machines play a major role in the control part of digital systems and it 
can be realized very efficiently by adding feedback registers to PLAs. Here the PLA is two-level 
combinational logic implementation of the output logic (OL) and the next state logic (NSL) func- 
tions of the FSM. The general structure of PLA-based finite state machine is shown in Figure 1.1. 
Direct access is provided only to the primary inputs (PI) and primary outputs (PO). 

Design-for-testability techniques for PLAs require controllability of all inputs and observability 
of all outputs of the PLA. The present approach to attain easy testability doesn’t require direct 
access to the flip-flops. 



Figure 1.1: PLA-based Finite State Machine 
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1.2 Literature Review 

Synthesis and testing of PLA-based structures have been active areas of research. Numerous 
programs for optimal synthesis of PLA-based finite state machines have been developed ( e.g ., 
[16], [18]). As mentioned in §1.1 the present work deals two major tasks namely 

• improving the testability of finite state machines, and 

• generating test sequences for them. 

Extensive work has been done on each of the above, and considerable literature is therefore avail- 
able, some of which is detailed below. 


1.2.1 Testability of Finite State Machines 

FSM testing has long been recognized as a difficult task and much effort has been directed 
towards this problem in recent years. Design-for-testability (DFT) has been proposed as a solution 
to this problem [11]. This approach tries to standardize the circuit design in such a way that test 
preparation for the circuit is made easier. The design rules suggested [22] for improving controlla- 
bility and observability of the circuits include 

• limiting sequential depth in the test mode, 

• disconnection of feedback loop in the test mode, 

• access to internal data busses via external pins, and 

• disconnection of internal stores. 

Among various DFT approaches proposed for sequential circuits, the full scan design techniques 
[27] such as LSSD, Scan Set and Scan Test have become the most popular. These approaches 
make it possible to control and observe the memory elements via some straightforward mecha- 
nism and convert the difficult problem of testing state machines into a much easier one, that of 
testing combinational circuits. However, the long testing time due to the serial nature of the scan 
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path, and the area/performance penalty with this approach are unaffordable in many cases [9]. 
Scan design penalties for different classes of sequential circuits were placed between 4 and 21% 

m. 

. It is well known that optimal logic synthesis can ensure fully testable combinational logic 
designs. A synthesis procedure which guaranteed fully testable irredundant combinational logic 
circuits was presented in [2]. In principle, logic synthesis and minimization techniques can ensure 
full and easy testability for sequential logic also. Relationships between complicated problems of 
sequential circuit synthesis and test generation has been discussed in [9], [10], [6] and [7]. 

Major steps involved in optimal*synthesis of FSMs from the State Transition Graph (STG) 
description are: 

• State minimization, 

• state assignment, and 

• logic optimization. 

The work presented in [9] showed that state assignment and logic optimization have profound 
effect on the testability of the state machine. In [9], a procedure which produced fully and easily 
testable logic-level sequential machine from a STG description was proposed. However, to 
achieve this goal, this approach has entailed the use of extra logic and constraints on state assign- 
ment and logic optimization. Another optimal synthesis procedure that guarantees full nonscan 
testability under the stuck-at fault model, with no area/performance penalty has been proposed in 
[10]. Though this method represents a more efficient approach to achieve 100% testability, 
amounts of CPU time it require is, generally, exorbitant. A unification of these synthesis-for-test- 
ability approaches aimed at stuck-at faults was presented in [6], 

However, the single -stuck-at fault model is inadequate to represent the faults in PLAs. Accord- 
ing to [26], the stuck-at oriented test sets are less reliable and will often not reach 90% coverage 
for faults in programmable arrays. Due to PLA’s dense layout, PLA faults other than conventional 
stuck-at faults can occur easily and must be modelled. The work in [14] showed that test sets 
based on crosspoint fault model, an extended model proposed in it, covers many of the frequently 
occurring physical faults in the PLA, including shorts between lines. A method to produce easily 
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testable PLA-based state machines, without requiring direct access to the inputs/outputs of the cir- 
cuit’s memory elements, has been outlined in [7], This method aims at the crosspoint fault model 
and guarantees testability for all combinationally irredundant crosspoint faults in the PLA-based 
finite state machine. A constrained state assignment and logic optimization procedure is used to 
achieve this goal. The testability constraints employed in [7], in general, conflict with the optimal- 
ity constraints derived from the STG and hence result in an increase in area. More over, in some 
cases state assignment satisfying all the testability constraints can even become impossible. The 
present work adopts a similar approach, but for a modified set of constraints. 

1.2.2 Test Generation 

In order to detect a fault in a sequential machine, 

1 . the state of the memory elements and the input have to be set into a certain combination that 
can excite the fault and 

2. the effect of the fault has to be propagated to the primary outputs. 

These steps, fault justification and propagation, may each require a sequence of input vectors (jus- 
tification and distinguishing sequences). 

Several approaches ( e.g ., [25], [4]) have been taken in the past to solve the problem of test gen- 
eration for sequential machines. They are either extensions to the classical D-algorithm or based 
on random techniques. Major drawback of these conventional techniques is that they rely on 
backtracking. For sequential circuits, backtracking must be done both in space and time and could 
easily become unmanageable [1]. When the number of states of the circuit is large and the tests 
demand long input sequences, they can be quite ineffective for test generation. 

For those state machines, which are designed using DFT techniques, test generation is rela- ; 
tively simple. The structural approaches discussed in §1.2.1 convert the circuit under consider- 
ation into combinational one, in the test mode. The state-of-the-art approach is to reduce the I 
problem of test generation for sequential circuits essentially to one of generating test patterns for 
combinational circuits. Combinational test generation takes a crucial role in the test generation for j 
easily testable sequential machines [7] also. For these machines, a possible test sequence is 
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obtained by concatenating the justification sequence, the combinational test vector, and the distin- 
guishing sequence. 

Many dedicated algorithms [14], [12], [24], [23], [26], [20] for PLA test generation have been 
proposed. These techniques aim at crosspoint fault model and exploit the regularity of the PLA 
structure for ease of computation and test set optimality. Automatic test pattern generation tech- 
niques, available for random combinational logic circuits are not effective for PLA macros. Some 
of these methods such as D-algorithm and its extensions [4] require a functionally equivalent ran- 
dom logic model of the PLA. If only the personalized crosspoints are considered in this model, 
other types of faults due to the dense layout of the circuit may be undetected by the test set [14], 
When a crosspoint is redundant, the process of fault sensitizing and consistency operations must 
exhaust all locally viable signal values. This presents an enormous computational burden in con- 
ventional test generation methods. 

Random techniques do not give high test coverage for PLAs mainly because the AND array in 
PLA normally has a relatively large number of “ used crosspoints ” in each product term [12]. The 
probability of detecting a missing crosspoint with a random pattern is no better than 1/2”, where n 
is the number of used crosspoints in the product term. Since n is very large, the test coverage 
using random test is quite low. In [12], a biased random technique has been used for test genera- 
tion. In this approach, not all the bits are randomly assigned; instead, deterministically formed 
embryonic tests are used as starting point, and all the unspecified inputs are selected randomly. 

The basic approach adopted in [14], [23], [24], [26] and [20] is same and they all require the 
use of sharp operation for the deterministic test generation. Major differences among these algo- 
rithms lie in the way the sharp operation is carried out and how heavily this operation is depended 
on. In [14], the sharp operation is performed by IDSHARP ($). In [23] and [20], regular sharp(#) is 
used; but the computation is stopped as soon as one face of the set difference is found. In [24], a 
list partitioning method is proposed. A new algorithm based on complementation and tautology 
check [3] of a logic cover derived from the PLA personality matrix has been used in PLATY- 
PUS [26]. Test generation program presented in [20] makes use of deductive fault simulation 
method, proposed in [14], for each test vector found using deterministic method, and discard the 
faults covered by that pattern from the faultlist. This improves the total run time performance as 
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well as the test set minimality. 

1.3 Present Work 

The present work proposes a new CAD system, named FISTEM, for synthesis and testing of 
Finite State - easily TEstable Machines. FISTEM produces an optimized easily testable PLA- 
based logic implementation for the input state transition graph (STG) description of a sequential 
machine. A nonscan design methodology, based on constrained state assignment and logic opti- 
mization , is used which guarantees testability for all combinationally irredundant crosspoint faults 
in the PLA. Test sequences for these faults have been obtained using combinational test pattern 
generation techniques alone. Algorithm used for this is exact, i.e., every testable crosspoint fault 
is tested, and maximum fault coverage is guaranteed. 

The problem of constrained state assignment is to find an encoding of states which minimizes 
the combinational logic part of the sequential machine simultaneously satisfying all the testability 
constraints imposed. The state assignment technique used in FISTEM has been originally pro- 
posed in [8] for multilevel combinational logic and feedback register implementation. Both fanin 
and fanout oriented algorithms proposed in [8] are implemented. The results obtained for various 
STGs show that this technique is also effective in minimizing the number of product terms in an 
optimized PLA implementation. Also an attempt is made to combine the fanin and fanout oriented 
algorithms. 

Effect of single crosspoint faults in programmable arrays on their input-output relations has 
been studied. Relationship between state assignment and testability has also been analyzed, and 
the necessary constraints required for testability synthesis of a PLA-based Moore or Mealy finite 
state machine have been formulated. 

Graph embedding algorithm of MUSTANG [8] is used for optimum encoding of the state, sat- 
isfying all the testability constraints. Once the code has been assigned, product terms of the PLA 
can easily be obtained by substituting the present and next states by their corresponding codes in 
each row of the State Transition Table (STT). Logic minimization program ESPRESSO [3] is 
used for obtaining optimized prime and irredundant two-level covers for the output logic (OL) 
and next state logic (NSL) functions of the easily testable FSM. For the sake of simplicity, D-flip- 
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flops are considered for memory elements of the FSM. 

Algorithm proposed in [20] is used for sequential test generation. Many heuristics in the area of 
global ordering of the faults for test preparation, backend fault simulation, and “ don’t-care” bit 
fixing are also incorporated in the program for obtaining the maximum fault coverage and test set 
minimality. All the crosspoint faults in the PLA are considered. However, testing of internal faults 
of the memory elements is not attempted. A starting or initial state is assumed to exist for a 
machine, also called the reset state. 


1.4 System Overview 

FISTEM is a system for FSM synthesis and testing, intended to be properly interfaced with 
other existing tools to generate a comprehensive design environment. During system develop- 
ment, three goals were constantly pursued: 

• Complete integration with the existing CAD system, 

• full portability, and 

• friendly interface. 

To satisfy the first aspect, an attempt is made to achieve complete compatibility with already 
existing CAD tools for PLAs and PLA-based FSMs. 

Full portability of the overall system has been obtained both by implementing it in standard C 
and by pursuing maximum independency from the operating system of the host computer. 

In order to guarantee a flexible environment, a modular structure is used for the system. Func- 
tional descriptions of the each module, elucidated in Figure 1.2, are presented below. 
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Dominance constraints extraction: Adds edges to the input STG so that R-reachability condi- 
tion is satisfied. Extracts the sets of dominance relationships between each pair of states which has 
to be satisfied for ensuring easy testability. 

Optimality constraints extraction: From the STG of the R-reachable finite state machine, this 
module constructs a completely weighted graph, whose nodes correspond to the internal 
states of the state machine to be encoded. The weights of the edges signify the gains associ- 
ated with coding the pair of states connected by the edges with unidistant codes. Users can 
choose between Two algorithms implemented for this step: Fanin oriented and fanout ori- 
ented algorithms. 

Graph embedding: This subroutine embeds the weighted graph, constructed in the previous 
step, in Boolean hypercube so that adjacency relations identified by the graph are satisfied in 
an optimal way. A heuristic graph embedding algorithm called wedge clustering [8] is used 
to solve this MP-complete problem. The originally proposed approach is modified to incor- 
porate testability constraints extracted in step 1, in the state encoding. When a node is 
selected for coding, all the dominance requirements associated with that node are examined, 
and the optimality constraints are relaxed, if necessary, to satisfy them. 

GENPLA: GENPLA generates two-level PLA implementation for the finite state machine rep- 
resented in the input STG. The present and next states in each row of the state transition table 
are replaced by their corresponding codes to obtain the two-level representation of OL and 
NSL functions of the FSM. 

ESPRESSO: The Boolean minimizer program ESPRESSO [3] produces an optimized imple- 
mentation of the functions represented in the output of GENPLA. It assures prime and irre- 
dundant covers for these functions, which in turn will guarantee testability for all the stuck-at 
faults in the PLA. 

PLATEST: This module accepts the PLA personality matrix as its input and generates a com- 
pact set of test patterns to cover all the combinationally irredundant crosspoint faults in the 


PLA. 
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GENSEQ: This program uses the list of test pattern generated by PLATEST for finding the 
sequences. For an easily testable machine, GENSEQ generates a set test sequences, which 
will cover all the crosspoint faults covered by the input test patterns. Test sequences are 
obtained by concatenating a fault-free justification sequence, the input test vector and a dis- 
tinguishing vector (which is guaranteed to exist for an easily testable FSM). 

FISTEM is implemented in the UNIX environment of HP 9000 Series 300 Graphic Workstations. 

1.5 Organization of the Thesis 

The organization of this write-up is as follows. In Chapter 2, the state assignment technique 
used in FISTEM is described. Effect of crosspoint faults on the input-output relations of the PLA 
is discussed in Chapter 3. The relationship between the state assignment and the testability of 
sequential machine is also discussed, and the necessary conditions required for an easily testable 
PLA-based finite state machine are stated. This Chapter also outlines the constrained encoding 
procedure, used in the present approach for easy testability. In Chapter 4, combinational and 
sequential test generation techniques used in this utility are covered. The results obtained thus far 
are discussed in Chapter 5. 
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Chapter 2 

State Assignment 

The optimal state encoding approach followed in FISTEM is discussed in this Chapter, and its 
efficacy is illustrated with a STG example taken from the MCNC Logic Synthesis Workshop 
(1987) benchmark set. In the following section, some notations and terminologies used in the area 
of FSM synthesis, in particular state assignment, are introduced. §2.2 describes the two basic pro- 
cesses behind the influence of state encoding on the subsequent Boolean minimization step. In §2. 
3, Graph Construction and Embedding algorithms used for optimizing the product of row and col- 
umn cardinalities of the PLA implementation are outlined. These techniques were originally pro- 
posed in MUSTANG [8] for multilevel logic implementation. Attempts for additional reduction in 
logic are covered in the subsequent section. 

2 . 1 Background 

Sequential circuits play a major role in the control part of most of the complex VLSI systems. 
Finite state machine is one of the most commonly used models for representing a sequential 
machine. Assigning states for the memory elements corresponding to the internal states of the 
finite automation is a major step in the process of controller synthesis. Expectedly, the quality of 
the encoding has a significant impact on the overall chip area. Before discussing the state assign- 
ment problem of FSMs, it becomes essential to define a few basic terms which are relevant to the 
present work. 
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2.1.1 Definitions and Terminologies 

A finite state machine can be defined as a quintuple 

M = (S,I,0, 8, X) 

where 

(i) S is a finite nonempty set of states; 

(ii) I is a finite nonempty set of primary inputs (PI); 

(iii) 0 is a finite nonempty set of primary outputs (PO); 

(iv) 5: I x S — > S is the next state logic (NSL) function; and 

(v) X: I x S O is the output logic (OL) function. 

The above definition is for a Mealy FSM in which the PO’s are a function of both the present state 
and the Pi’s. Mathematically speaking, a Moore machine is a special case of Mealy machine and 
for it, the same definition holds good except for the part (v). For Moore machine, the OL function 

is 

X:S->0. 

In this work, PLA-based Mealy machines are considered, since a Mealy machine can be 
viewed as a more general case of a Moore machine. 



Memory 

Elements 


Figure 2.1: Basic Structure of the Huffman Model 
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Basic structure of the Huffman model is shown in Figure 2.1. This model is one of a sequential 
machine that separates the memory elements from the combinational logic. In general, an FSM is 
represented by two equivalent structures. 

1) State Transition Graph (STG): G(V, E,W (£) ) where V is the set of vertices corre- 
sponding to the set of states S, where II S II = Nj is the cardinality of the set states of the FSM, an 
edge (Vi, Vj ) joins V to Vj if there is a primary input that causes the machine to evolve from state V t 
to state Vj, and W(E) is a set of labels attached to each edge, each label carrying the information of 
the primary inputs and outputs, corresponding to that transition. 
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2)State Transition Table (STT): T (/, S, O) where I is the set of inputs, S is the set of states, 
and O is the set of outputs. A row in the STT corresponds to an edge in the STG representation. 
The rows in the matrix are divided into two fields: The first field contains the input pattern (In this 
work, it is assumed that the primary inputs and outputs are in the Boolean form.) and a symbolic 
entry corresponding to the present state; the second field contains the output pattern and the next 
state labels. 


Inputs : 

101, IO0, INIT, SWR, MACK 

Output s 

: WAIT, 

MINIT, 

MRD, SACK, MWR, DLI 

— 1— 

Any 

initO 

110000 

— 0 — 

initO 

initl 

110000 

— 00- 

initl 

initl 

110000 

— 01- 

initl 

init2 

110001 

— 0 — 

init2 

init4 

110100 

-01- 

init4 

init4 

110100 

-00- 

init4 

iowait 

000000 

0000- 

iowait 

iowait 

000000 

1000- 

iowait 

initl 

110000 

01000 

iowait 

readO 

101000 

11000 

iowait 

writeO 

100010 

01001 

iowait 

rmack 

100000 

11001 

iowait 

wmack 

100000 

-01- 

iowait 

init2 

110001 

o 

1 

0 

1 

rmack 

rmack 

100000 

H 

1 

o 

1 

rmack 

readO 

101000 

o 

1 

0 

1 

1 

wmack 

wmack 

100000 

-0-1 

wmack 

writeO 

100010 

—0 — 

readO 

readl 

101001 

— 0 — 

readl 

iowait 

000000 

— 0 — 

writeO 

iowait 

000000 


Table 2. 1 : State Transition Table representation of IOFSM 


If the next state and outputs are defined for every possible transition from every state, then the 
machine is said to be a completely specified machine. An incompletely specified machine is one 
where at least one transition edge from some state is not specified. 

Given n latches in a sequential machine, 2 n possible states exists in the machine. A starting or 
initial state is assumed to exist for all machines, also called the reset state. 
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2.1.2 Optimal State Encoding 

The state assignment problem consists of assigning a string of bits (code) to each of the states, 
so that no two states have the same code. Depending on the target architecture, the encoding prob- 
lem can be quite diversified. For a microprogrammed controller, the problem consists essentially 
of organizing the control memory; a state encoder in this context performs the synthesis of the 
microsequencer. In the case of synchronous finite state machines based on combinational logic 
and feedback registers, state assignment aims at minimizing the next state and output equations. 
The optimal encoding, in this case, is the one which yields the minimum area and delay, in the 
final implementation. 

The complexity of the combinational component of the FSM depends heavily on the state 
assignment and the selection of memory elements. D flip-flops are considered in the present work, 
for the sake of simplicity. For a PLA-based FSM, the (minimum) number of rows is the cardinal- 
ity of the (minimum) cover of the FSM combinational component according to a given assign- 
ment. The number of bits used to represent the states is related to the number of PLA columns. 
Therefore, the PLA area depends in a complex way on the state assignment. However, in 
FISTEM, the attempt made is to minimize the number of product lines in the PLA, keeping the 
number of encoding bits minimum (« = fiog^] ). 

The assignment approach proposed in [8] minimizes an estimate (the number of literals in a 
factored form of the logic) of the area used by a multilevel implementation of the combinational 
logic. This estimate is consistent with the one used by the multi-level logic optimization algo- 
rithms. Basically, the heuristics used in this approach tries to maximize the number and size of the 
common subexpression that exist in the Boolean representation of the combinational part of the 
FSM. Presence of these common cubes helps the subsequent multi-level optimization step to 
extract a large number of good factors and produce a reduced literal implementation. 

In the present work, it is found that maximizing the number and size of the common cubes 
present in the encoded two-level network can also aid the two-level logic optimizer (ESPRESSO) 
in minimizing the next state and output equations. But, in terms of implementations of minimum 
area PLA, this approach suffers from a weak connection with the two-level logic optimization 
step, which follows the encoding. It is the simplicity of the concept and its suitability for incorpo- 
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rating the testability constraints (discussed in Chapter 3) which makes this method suitable for the 
present work. Some improvement is also tried on this technique to obtain better results for PLA 
implementations. Once the encoding has been done, the codes assigned to each state is shifted in 
the Boolean hypercube (keeping the hamming distance same) so that the state with maximum 
fanin will be assigned zero-code. It has been found that for most of the STG examples considered, 
this modification produces a further reduction in the number of product terms. In the following 
sections, basic idea behind this approach is discussed and the major steps involved in it are illus- 
trated with the IOFSM example shown in Figure 2.2. 

2.2 Relationship between State Encoding and 
The Number/Size of Common Cubes 

Presence of common cubes in the encoded state transition table can help both two-level and 
multi-level optimizations in obtaining a reduced area implementation. There are two basic pro- 
cesses behind the influence of state assignment on the number or size of common cubes in the 
encoded two-level representation. These two processes are analyzed below. 

2.2.1 Size of The Frequently Occurring Common Cubes 

It can be noticed from the STT of IOFSM (Table 2.1) that the present states which assert similar 
outputs or produce similar sets of next states can give rise to common cubes after encoding. The 
size of these common cubes depend on the closeness of the codes for these present states. 

Focussing on edges 2 and 3 in Table 2.1, it can be seen that both the states inito and initi 
assert the outputs 01 and 02. For each of these outputs it is possible to extract a common cube 
corresponding to the intersection of the two state codes. In addition to this, both these states pro- 
duce the same next state initi. So the lines of next state initi also will have the same common 
cube. Similar relationships exist between other sets of states in the machine. 

If N b is the number of encoding bits and N d is the hamming distance between codes for the 
present states inito and initi, then the lines of next state initi and the outputs 01 and 02 
will have common cube with N b - N d literals, i.e., closer the codes for inito and initi, larger 
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will be the size of the common cube associated with them. 

For a primary output asserted by two different present states, number of occurrences of the cor- 
responding common cubes is one. But for the next state produced by a pair of present states, the 
number of occurrences of these cubes is dependent on the encoding of that next state. Since the 
number of 1 s in the next state code is unknown prior to encoding, it has to be approximated to an 
average number N^/2. Using this average case analysis, one can very easily estimate the number 
of occurrences of the common cube associated with any pair of states in the machine. 

For a machine, thus a large set of relationships between state encoding and the size of common 
cubes in the network prior to logic optimization, can be extracted. The number of occurrences of a 
common cube associated with a state pair can be considered as the gain that can be obtained by 
coding that pair with close codes. To maximize the overall gain, closer codes should be given to 
state pairs with higher values of gain. This process, in turn, will maximize the size of the most fre- 
quently occurring cubes. 

2.2.2 Number of Common Cubes in The Next State Lines 

This process is based on the relationship between the next states which are produced by similar 
primary inputs or similar sets of present states. In this case, the process is shifted to the input and 
fanin of each state. In edges 9 and 10 of the STT representation of the IOFSM ( Table 2.1 ), the 
present state iowait produces different next states viz initi and reado. If N b is the hamming 
distance between the codes for these next states and N b is the number of encoding bits, a maxi- 
mum of N b - N b next state lines can have a common cube ( the present state code ) of size N b liter- 
als. In fact, the number of occurrences of this present state common cube depends on the number 
of 1 ’s in the intersection of the two next state codes. Similarly, for these edges, intersection of the 
input combinations 1000- and oiooo will be common to some of the next state lines. The size of 
this common cube can be easily found out for each pair of next states. Again, similar relationships 
exist between other sets of states in the FSM. 

The size of the common cubes corresponding to each pair of next states can be considered as 
the gain that can be achieved by assigning close codes for these states, i.e.. Larger the size of the 
common cubes for a next states pair, more will be the gain in assigning close codes for them. In 
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general, this approach will attempt to maximize the number of occurrences of the largest common 
cubes in the encoded machine, prior to optimization. 


2.3 MUSTANG Algorithms 

The algorithms used in the state assignment program MUSTANG, targeted towards multi-level 
implementation are based on the two basic processes discussed in the previous section. In general, 
the constraints extracted for optimum state encoding on the basis of these two processes contra- 
dict each other. Therefore, two independent algorithms are used in this approach to construct a 
fully connected graph which will provide the costs of assignments of internal states of FSM to the 
vertices of the Boolean hypercube. In the following subsections, these graph construction algo- 
rithms, called fanin and fanout algorithms, and the algorithm used for graph embedding are dis- 
cussed in detail. A heuristic algorithm called wedge clustering is used for the graph embedding 
step. This algorithm assigns codes to the nodes of the constructed graph, satisfying the adjacency 
relations identified by it in an optimal way. FISTEM makes use of these algorithms for obtaining 
an optimum two-level implementation of the input STG. 

2.3. 1 Fanout-Oriented Algorithm 

This algorithm works on the output and fanout of each state in the finite state machine and con- 
structs a complete graph Gm( V, Em, W(E m )) where V is in one-to-one correspondence with the 
states of the FSM, E M is the complete set of edges, and W(E M ) represents the gains that can be 
achieved by coding the states joined by the corresponding edges as close as possible. The estima- 
tion of these gains are based on the analysis of §2.2.1. Major steps involved in the construction of 
the graph are: 

1. For each of the N 0 outputs, scan all the edges of the STG to identify the nodes which assert 
that output, and calculate the weight associated with each node. If a state assets the same out- 
puts more than once, it should have a correspondingly larger weight. 
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2. From these output sets, calculate the number of occurrences of common cubes corresponding 
to each pair of states. This can be estimated by multiplying the weight of two nodes corre- 
sponding to the state pair across all the sets. 

3. For each of N s next states, construct a set of weighted nodes/states which produce that next 
state, by scanning all the edges of the STG. 

4. For each state pair, calculate the occurrences of the corresponding common cubes in the next 
state field. This is, again, equal to the product of corresponding node- weights across all the 
next state sets. As discussed in §2.2.1., an average case analysis is carried out in this case, 
and the above mentioned product is multiplied by N b /2. 

5. Construct the undirected complete graph G M ( V, E M , W(E M ) ). Calculate the edge weight 
W(E m ) as the sum of the number of occurrences of common cubes estimated in step 2 and 4. 

These weights in the constructed graph Gm represent a set of closeness criteria for the states in 
the machine and will help the graph embedding step to maximize the size of the most frequently 
occurring cubes. 

2.3.2 Fanin-Oriented Algorithm 

This algorithm is based on the analysis of §2.2.2. and operates on the input and fanin of each 
state in the machine for calculating the edge weights. The algorithm proceeds as follows: 

1. For each of the inputs, scan all the edges in the STG to identify the sets of next states 
which are produced by input value 1 and value 0. This will give 2N t sets of weighted nodes. 

2. Count the number of times each pair of states occurs together in each input set. This step, in 
effect, will compute the similarity relationships between all the next state pairs in terms of 
inputs. It can be noticed that the weight calculated for each pair of states represents the size 
of the common input cubes in the next state lines. 

3. For each present state, construct a weighted set of next states which fanout from that present 
state. This step should give N s weighted sets. 
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4. From the next state sets, compute edge weights for each pair of states. To obtain this, multi- 
ply the weights of the two corresponding nodes across all the sets. This will give next state 
pairs which have many common present states correspondingly higher edge weights. This 
step is similar to the approach used for input sets, except for an additional multiplication fac- 
tor Nfj. Since each of the common present state cubes have literals as opposed to the sin- 
gle literal cube of primary inputs, the weights are multiplied by N b in this step. 

5. Combine the weights computed in step 2 and 4. In this algorithm, these edge weights will 
represent the sizes of different sets of common cubes in the machine. By assigning closer 
codes for states joined by edges of larger weights, the number of occurrences of common 
cubes can be maximized. 

2.3.3 Graph Embedding 

Graph embedding is a classical combinatorial optimization problem which effectively maps the 
weighted graph G m, produced by the fanin/fanout algorithm to the Boolean hypercube so that the 
adjacency relations identified by the graph are satisfied in an optimal way. In fact, this problem is 
an /VP-complete one and there is very little hope to solve it exactly in an efficient way. In the 
present case, a heuristic algorithm proposed in [8], called wedge clustering is used to assign codes 
to the internal states of the machine according to the analysis performed by fanin and fanout algo- 
rithms. This algorithm attempts to minimize 
N. N s 

X X Wt(E(Vj, v ;)) x HD(code(v .), codeiyj)) 

i = 1 j = / + 1 

where Wt( E M ( v t , vj )) is the weight of the edge E( v ir vj ) between vertices v,- and vj, and HD( 
code( v t ), code( Vj )) is the hamming distance between Boolean codes assigned to the vertices v f 
and Vj. 

The weighted graph generated by the fanin and fanout algorithms typically contains strongly 
connected small group of states. The wedge clustering approach tries to identify these strongly 
connected clusters in the graph and assigns minimally distant codes to the states in it. A detailed 
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discussion on the optimality of this approach can be found in [8]. The algorithm proceeds as fol- 
lows: 

1. For each state in the FSM, sort the N s -1 edges connected to that state in decreasing order of 
their edge weights. 

2. Identify a cluster of nodes with cardinality + 2, so that the sum of edge weights inside the 
selected cluster is maximum.This can be obtained by identifying the state for which the sum 
of weights of the first edges in the sorted list is maximum. This state can be considered as 
the head of the selected cluster. 

3. Assign all the unassigned states in the cluster, minimally distant codes from unassigned 
codes. An easy and satisfactory way to do this is to assign unidistant codes from the head 
node, for rest of the nodes. 

4. Delete the head node/state and all the edges connected to it from the graph. 

5. If the graph is not empty, go to the step 2. 

In the following section, the STG example shown in Figure 2.2 is encoded using the graph con- 
struction and embedding algorithms discussed above. The results obtained illustrate the efficacy 
of this approach in optimizing the number of product terms in PLA -based FSMs. Both the graph 
construction algorithms implemented in FISTEM are very much similar except for the field in 
STG, on which it operates to estimate the edge weights. Hence, only the fanin-oriented algorithm 
is considered in the following example. 

2.3.4 Example 

The input STG considered in this example is IOFSM, a state machine taken from the MCNC 
Logic Synthesis Wokshop (1987) bench mark set. The STG and STT representations of this FSM 
are shown in Figure 2.2 and Table 2.1 respectively. The major steps in both graph construction 
and embedding are illustrated below. 
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Weighted Graph Constuction: The input STG, IOFSM, has got 5 primary inputs and 10 inter- 
nal states. For each of the inputs, two sets of weighted nodes are constructed: one for zero value 
and the other for 1. Zero-input sets and One-input sets are seperately given in Table 2.2 and 2.3 
respectively. 


state 

inpuT\^ 

initO 

initl 

init2 

init4 

iowait 

rmack 

wmack 

readO 

readl 

writeO 

IOI 

0 

1 

0 

0 

0 

0 

1 

0 

0 

1 

ioo 

0 

0 

0 

0 

0 

1 

1 

1 

0 

1 

INIT 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

SWR 

0 

0 

HP 

1 

0 

0 

0 

0 

0 

0 

MACK 

0 

0 

0 

0 

1 

0 

1 

1 

1 

0 

1 


Table 2.2: Zero-input sets for IOFSM 


'"'\state 

inpiu\. 

initO 

initl 

init2 

init4 

iowait 

rmack 

wmacl 

: readO 

readl 

writeO 

IOI 

0 

0 

0 

0 

1 

i 

0 

1 

0 

0 

IOO 

0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

INIT 

0 

3 

2 

2 

C 

2 

2 

2 

1 

2 

SWR 

0 

2 

0 

0 

2 

1 

1 

1 

0 

1 

MACK 

0 

0 

0 

0 

0 

1 

1 

1 

0 

1 


Table 2.3: One- input sets for IOFSM 

In each set, the weight of a node is the number of times the corresponding state appears in the 
next state field of STT, for that input value. For example, there axe two transitions in the STT 
(Table 2.1) in which a zero-value for input swr produces a next state init2 and hence the entry 2 
in Table 2.2. Similarly there are four transitions in IOFSM for which input init is 1 and the next 
state is iowait. Note that these entries are high lighted in Table 2.2 and 2.3. 

Table 2.4 shows the present state sets generated for IOFSM. In a present state set, the weight of 
a node/state is the number of transitions in the STT in which this state and the present state under 
consideration appear as NS-PS pairs. In the example considered, there is no transition from 
iowait to init4 and hence the weight of init4 in iowait-set is 0. 
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initO 

initl 

init2 

init4 

iowait 

rmack 

wmad 

readO 

readl 

writeO 

initO 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

initl 

1 

1 

1 

0 

0 

0 

0 

0 

0 

0 

init2 

1 

0 

0 

1 

0 

0 

0 

0 

0 

0 

init4 

1 

0 

0 

1 

1 

0 

0 

0 

0 

0 

iowait 

1 

1 

1 

CP 

1 

1 

1 

1 

0 

1 

rmack 

1 

0 

0 

0 

0 

1 

0 

1 

0 

0 

wmack 

1 

0 

0 

0 

0 

0 

1 

0 

0 

1 

readO 

1 

0 

0 

0 

0 

0 

0 

0 

1 

0 

readl 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 

writeO 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 


Table 2.4: Present state sets for IOFSM 

Using these zero-input sets, one-input sets and present state sets a complete, undirected, 
weighted graph is constructed as shown in Figure 2.3. Weights on the edges between each pair of 
nodes in the graph is calculated by adding the product of the weights of the two nodes across all 
the sets. Weights computed from the present state sets are scaled by a factor 
N b = ["log 2 101 = 4. For example, weight on the edge between writeO and iowait 

Wt( E( writeO , iowait)) 

=0xl+0xl+0x0+0x0+0xl+lx0+lx0+4x2+2xl+0xl+ 

4(0x0+0x0+0x0+lx0+lxl+0x0+0xl+0x0+lx0+lx0) 

= 14 

The size of the common cubes considered in the present state sets is Nb = 4, where as in input 
sets common literals are under consideration. Therefore the contribution of the present state sets 
to the edge weights are multiplied by 4 so that the weights are true representation of the size of the 


common cubes. 
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Figure 2.3: Weighted graph generated by the Fanin algorithm 

Graph Embedding: For each state, edges are sorted in the decreasing order of weights as 
shown in Table 2.5. The next step is to select a strongly connected cluster of 5 states. It can be 
seen that iowait is the state for which the sum of weights of the first 4 edges is maximum. So the 
cluster selected includes iowait, initl, inito, rmack, and readO. Here, states initl, 
inito , rmack, and readO are assigned unidistant codes from iowait. 

iowait 0000 initl 0001 initO “^0010 rmack 0100 readO 1000 
Selection of code 0000 for state iowait is an arbitrary one. Now iowait, the head-node of the 
cluster and all the edges connected to it are deleted from the graph. Sorted lists are updated 
accordingly (Table 2.6). 
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initO 

iowait 

(16) 

initl 

(12) 

init2 

(8) 

init4 

(8) 

rmack 

(8) 

readO 

(8) 

wmack 

(8) 

writeO 

(8) 

readl 

(4) 

initl 

iowait 

(21) 

init2 

(14) 

writeO 

(13) 

wmack 

(13) 

rmack 

(12) 

initO 

(12) 

readO 

(12) 

init4 

(6) 

readl 

(3) 

init2 

initl 

(14) 

iowait 

(12) 

initO 

(8) 

rmack 

(8) 

readO 

(8) 

writeO 

(8) 

wmack 

(8) 

init4 

(6) 

readl 

(2) 

init4 

iowait 

(12) 

initO 

(8) 

initl 

(6) 

init2 

(6) 

rmack 

(4) 

readO 

(4) 

wmack 

(4) 

writeO 

(4) 

readl 

(2) 

iowait 

initl 

(21) 

initO 

(16) 

rmack 

(15) 

readO 

(15) 

wmacl 

(14) 

writeO 

(14) 

init2 

(12) 

init4 

(12) 

readl 

(4) 

rmack 

readO 

(17) 

iowait 

(15) 

initl 

(12) 

writeO 

(12) 

wmacl 

(12) 

init2 

(8) 

initO 

(8) 

init4 

(4) 

readl 

(2) 

wmack 

writeO 

(17) 

iowait 

(14) 

initl 

(13) 

rmack 

(12) 

readO 

(12) 

init2 

(8) 

initO 

(8) 

init4 

(4) 

readl 

(2) 

readO 

rmack 

(17) 

iowait 

(15) 

initl 

(12) 

writeO 

(12) 

wmacl 

(12) 

: initO 
(8) 

init2 

(8) 

init4 

(4) 

readl 

(2) 

readl 

initO 

(4) 

iowait 

(4) 

initl 

(3) 

init4 

(2) 

init2 

(2) 

rmack 

(2) 

wmack 

(2) 

readO 

(2) 

writeO 

(2) 

writeO 

wmacl 

(17) 

iowait 

(14) 

initl 

(13) 

readO 

(12) 

rmack 

(12) 

init2 

(8) 

initO 

(8) 

init4 

(4) 

readl 

(2) 


Table 2.5: Sorted edges for the states in IOFSM 


From the new list state wmack is selected and the states writ eO, initl, rmack and readO 
have to be given close codes from it. However, in this cluster, wmack and writeO are the only 
unassigned states. So the assignments are: 

wmack “ ^ 001 1 writeO ■♦0111 

Again, the head-node of the cluster, wmack, is deleted from the graph. The steps of sorting, 
cluster selection, and assignment are repeated till all the states are assigned codes. Clusters 
selected and the codes assigned in subsequent steps are given below. 

initl, init2, writeO, wmack, and rmack 
init2 ♦ 0101 

rmack, readO, writeO, init2, and initO 
no unassigned states in the cluster 

initO, init2 , init4, readO and writeO 
init4 -♦0110 

readO, writeO, init2, init4 and initl 




27 


initO 


initl 

(12) 

init2 

(8) 

init4 

(8) 

rmack 
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(4) 
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(2) 
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initl 

(3) 

init4 

(2) 

init2 

(2) 

rmack 

(2) 

wmack 

(2) 

readO 

(2) 

writeO 

(2) 
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(17) 
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Figure 2.4: Sorted edge lists after one round of assignment 


no unassigned states in the cluster 

init2, writeO, init4 and readl 
readl 1101 

FISTEM generates the personality matrix of the PLA by replacing the present and next states in 
each row of the STT by their boolean codes. For the encoding obtained in this example, the opti- 
mized PLA implementation of IOFSM obtained from ESPRESSO had 16 product terms where as, 
on average, random assignment will result in 27 product lines. This means that 
%reduction PLA area = (27- 16) / 27 = 40% 

State encoding using the Fanout-oriented algorithm also has been tried for this example and the 
number of product terms in the optimized two-level representation in that case is 15 (44% reduc- 
tion). A large number of STG examples are encoded using these two algorithms and the results 
are summarized in Chapter 5. The %reduction in the cardinality of the PLA implementation, com- 
pared to the random encoding case, varied from 5 to 50%. These results clearly illustrates the effi- 
cacy of the graph construction and embedding algorithms in optimizing the two-level 
implementation of FSMs. 
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2.4 Further Minimization for PLA-Based FSMs 

2.4. 1 Zero-code Assignment 

Both fanin and fanout algorithms discussed in the previous section are based on an average 
case analysis and make an assumption that the number of 1 ’s in the next state code is Nb/2. How- 
ever, this is not true in the actual case and it can take any value between 0 and Nb. In the actual 
implementation of the circuit, only those input combinations will be considered, which will result 
in a 1 in the next state or output space. In other words, an input cube which produces the zero- 
coded state and all-zero outputs will not map into hardware. In general, the input cubes which 
produce zero-coded next state, will have less constraints on minimization. 

From this point of view, it can be easily concluded that assigning zero code for the state with 
maximum fanin can result in better optimization. In fact, this approach can be extended by assign- 
ing codes for states, in such a way that the number of 1 ’s in the code are inversely proportional to 
the fanin of the corresponding state. But in the present approach, it is difficult to incorporate these 
constraints as it conflict with the adjacency relations derived from the fanin/fanout analysis. How- 
ever, the zero code can be assigned to the state with maximum fanin without disturbing these dis- 
tance relations. This can be done by shifting the embedded graph in Boolean hypercube so that the 
node corresponding to the maximum fanin-state will coincide with the zero code. The hamming 
distance between the states will not change in this process. In a stand alone version of the state 
assignment part of FISTEM, named FINISMA, this modification is implemented to achieve fur- 
ther minimization for PLA-based FSMs. The major steps involved in this process are: 

1 . Scan the next state space of the STG and find out the state ( S 0 ) which occurs maximum 
number of times. 

2. Note the Boolean code of state S 0 ( which was assigned in the graph embedding step ). 

3. Shift the graph in Boolean hypercube so that the state S 0 is assigned null code. In this step, 
the new codes for the states are found by XOR-ing (bit wise) the old codes with the code of 


state Sq. 
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2.4.2 Example 


The details of the STG example considered are: 

Name of the machine : Lion 

Source : MCNC Logic Synthesis Workshop (1987) Benchmark Set 

2 
1 
4 


No. of inputs 
No. of outputs 
No. of states 



First step is to assign codes to the states of FSM using the graph construction and embedding 
procedures. In this example, fanout-oriented algorithm is used to obtain the following assignment: 

A — > 11 B — > 01 C — > 00 D — >10 

The optimized PLA implementation of “Lion”, corresponding to this assignment, will have 9 
product terms. In the STG representation of the FSM, the node corresponding to state B has 4 
fanin edges which is the maximum in the graph. Therefore state B is selected for assigning the 
zero code. New set of codes are obtained by XOR-ing the old codes with the code of state £(01). 

A — >10 B — >00 C— >01 D — >11 

The optimized PLA implementation of the FSM, for this encoding, will have only 8 product 
terms. So in this example, by shifting the encoded STG in Boolean hypercube so that the maxi- 
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mum fanin state coincides with the zero-code, an additional minimization of 11% has been 
achieved. 

2.4.3 Analysis 

This approach together with fanin and fanout oriented algorithms is implemented in FINISMA. 
This modification has been tried on a large number of MCNC benchmark designs and the follow- 
ing observations are made on the basis of that. For most of the examples considered, the zero- 
coding of maximum fanin-state achieved further minimization, only when tried with the fanout- 
oriented algorithm. In the graph embedding step of the algorithm the coding starts with zero code: 
The code (arbitrarily) selected for the head node of the most strongly connected cluster of the 
graph is zero-code. For fanin-oriented algorithm, in most of the cases, this node turns out to be the 
maximum fanin-state and hence, the zero-coding modification is not required. 

From the results obtained for the modified fanout algorithm, it has been noted that the zero-cod- 
ing step doesn’t give further minimization for all STGs. For some of the examples, it even 
increases the number of product terms after minimization. However, for most of the large STGs 
considered significant reduction in number of product terms was observed. Minimization obtained 
for some of the examples is listed in Table 2.6. Here, the comparison is with the results obtained 
for fanout-oriented algorithm with no zero-coding. 

Minimization indices (MI) given in the Table are parameters extracted from the STT to predict 
the additional minimization due to the zero-coding step. The estimation of the indices is based on 
the effect of various factors on this minimization. Number of fanin edges for the maximum fanin- 
state, number of fanin-edges for the zero-coded state in the embedded STG (before shifting the 
nodes), total number of edges in the STG, number of state bits, and number of primary outputs are 
the major factors considered in the estimation of MI. For example, for a 19 state, 7 input, and 5 
output STG named keyb, the MI is calculated as follows: 


State with maximum fanin 

: stO 

Number of fanin edges for st0( ) 

: 112 

State which is assigned zero code 

: stl 
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Number of fanin edges for stl(/V 1 ) : 1 

Total number of transitions in the STG( N t ) : 170 

Number of state bits( N b ) : 5 

Number of POs( N 0 ) : 2 

Empirical constant MI = (( N 2 - iVj ) / N t ) x ( Ay N 0 ) x 1 00 


= ((112-1 )/ 170) x (5/2) x 100 
= 163 



Table 2.6: Additional minimization achieved by zero-coding step 

From Table 2.6, it is clear that the fidelity of the estimate MI is good enough to give a rough 
idea about the possible minimization in the encoding stage itself. If the estimated MI is less than a 
particular value( say 5), the zero-coding step can be skipped to eliminate a potential increase in 
product terms. The results obtained from FINIS MA for a set of benchmark examples are summa- 
rized in Chapter 5. In most of the cases, fanout + ZC (zero-coding) approach gives better results 
than simple fanin/fanout oriented approach. In the present version of FINISMA, fanout + ZC 
approach doesn’t make use of the estimate MI. By incorporating MI, the performance of this algo- 
rithm can be further improved. 
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Chapter 3 

Easily Testable PLA-Based FSMs 


In this chapter, a constrained state encoding procedure, which guarantees easy testability for 
PLA-based FSMs, is discussed. This approach is targeted towards the combinationally irredun- 
dant single crosspoint faults in the PLA. Internal faults in the memory elements are not consid- 
ered. The two important observations, upon which this synthesis procedure is based, are explained 
in §3.1 and §3.2. §3.3 focuses on the constraints which are to be satisfied, in the state assignment 
step, to achieve easy testability. In the last section, major steps involved in the synthesis procedure 
are explained with an example. 

3.1 Effect of crosspoint Faults on PLA Output 

crosspoint fault model covers five different types of faults: 

1. missing contact in the input plane (growth fault) 



2. extra contact in the input plane (shrinkage fault) 

3. missing contact in the output plane (disappearance fault) 

4. extra contact in the output plane (appearance fault) 
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5. s-a-1 and s-a-0 faults at the output. 

The effect of a missing contact in the input plane or an extra contact in the output plane is to 
enlarge the ON-set of one or more outputs of the PLA. In the first case (growth fault), the fault 
removes a constraint placed on the cube corresponding to the row on which the fault has occurred 
and thus expands the set of vertices covered by the cube. An extra contact in the output plane adds 
an additional cube to the output ON-set cover and thus enlarges the ON-set. On occurrence of an 
output s-a-1 fault, the ON-set of the corresponding output will expand so that the entire input 
space is covered by it. These three faults, on the basis of their effect on the ON-sets of PLA out- 
puts, can be collectively called as GROWTH faults. 

On the other hand, the occurrence of an extra contact fault in the input plane, a missing contact 
fault in the output plane, or a s-a-0 fault at an output has the effect of shrinking the ON-set of some 
of the PLA outputs. An extra contact fault in the input plane of the PLA reflects an additional con- 
straint placed on the corresponding cube and has the effect of shrinking the set of vertices covered 
by the cube. A missing contact in the output plane, say at ith row and j th column, reflects the 
removal of the cube corresponding to the zth row from the ON-set cover of the j th output function. 
In the case of a s-a-0 fault at an output, the effect is to shrink the ON-set of that output to 0. These 
three faults will be referred to as SHRINKAGE faults. 

It can be noted that a single crosspoint fault which adds to (subtract from) the ON-set of some 
outputs, doesn’t subtract from (add to) the ON-set of any of the PLA outputs. In the sequel, this 
observation is verified for each type of single crosspointcrosspoint faults. 

In the case of a redundant fault, the effect doesn’t propagate to the PLA outputs and hence the 
true and faulty output vectors will be same. On the contrary, if the fault is an irredundant one, at 
least for some input combinations the true and faulty outputs will be different. Now let us con- 
sider such an input vector i which produces true and faulty outputs o and o F respectively for an 
irredundant single crosspoint fault, F, in the PLA. If the fault is a growth fault then it will add to 
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the ON-set of some outputs, but will not subtract from the ON-set of any output. Therefore some of 
the outputs with value 0 in true output vector o will have value 1 in faulty output vector o F . But all 
the outputs with true value 1 will remain at 1. This means that, for GROWTH faults, the faulty 
output vector will dominate the true output vector ( o F d o). Let us consider an example of five 
output PLA for which the input combination i produces a true output vector o = [10001]. Occur- 
rence of an irredundant GROWTH fault can change it to o F = [11101], but never to [00000] or 
[01001]. Notice that both [00000] and [01001] doesn’t dominate [10001]. 

If F is a SHRINKAGE fault then F will subtract vertices from ON-set of some of the outputs, 
but will not add to the ON-set of any output. Therefore some of the outputs whose value is 1 in 
true output vector o will have value 0 in faulty output vector o F . Output whose value is 0 will 
remain at 0. This means that, for SHRINKAGE fault, the true output vector will dominate the 
faulty output vector ( o z> o F ). In the previous example, on occurrence of a SHRINKAGE fault the 
true output vector o = [10001] for input i can change to o F = [00001], but never to [11111] or 
[01001]. Notice that only vector [00001] is dominated by the true vector [10001]. 

Combining the above two observations, it can be stated that for any kind of irredundant cross- 
point fault in a PLA, the true and faulty output vectors are mutually dominant. This means that 
either o F o or o z> o F . The same can be extended to conclude that if two vectors are mutually 
nondominant (in this case, the vectors are neither mutually dominant nor equal) then they can 
never appear as true and faulty output vectors for a single crosspoint fault in a PLA. For example 
pairs 

o = [11100] o F = [10000], 

o = [10010] o F = [11110], and 
o = [11010] o F = [11010] 


are valid true and faulty where as pairs 

o = [10101] o F = [01010] and 
o = [00001] o F = [00010] 

are not valid. It is this relationship between the true and faulty PLA outputs, upon which the cur- 
rent synthesis approach is based. 
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3.2 Relationship between State Encoding and 
Testability 

There are three major steps in generating a test for a sequential machine. These are: 

1. State justification, 

2. Fault excitation, and 

3. Fault propagation. 

State assignment can have a profound effect on the step of fault propagation. For any irredundant 
crosspoint fault a present state p and input i can be found, which will propagate the effect of the 
fault to the PO lines or the NS lines. If it is propagated to the PO then the fault can be easily 
detected by justifying the state to p and applying i. On the other hand, if the effect of the fault is 
propagated only to NS then the machine will be taken to a faulty next state n F instead of true next 
state n. In this case, the fault can be detected only if the states n and n F are distinguishable at the 

p 

PO. If the faulty state nr also produces the same outputs as the true state n for all the input combi- 
nations, then the fault cannot be detected by applying a single input vector. A sequence of input 
vectors may or may not produce different output sequences for the machine. But the attempt in the 
present synthesis approach is to ensure easy testability for the FSM by making sure that a single 
distinguishing vector exists for any true faulty state pair. It has to be noted that even if the two 
states n and n F are distinguishable in the true machine, the output can still become identical due to 
the fault (which has taken the FSM to state n F instead of n). So the attempt should be to ensure 
different outputs for true and faulty states even in the presence of the fault. 

From the discussion in the previous section, we know that two mutually nondominating vectors 
can never appear as a true faulty output pair for a single crosspoint fault. If the pair of states n and 
n F produce mutually nondominating POs, o t and o 2 ,for at least one primary input \ in the true 
machine, then it is guaranteed that these state pairs will be distinguishable even in the presence of 
a fault. Here, the guaranteed distinguishing vector is i'. The presence of the fault may corrupt the 
output o 2 and the vector produced may be o 2 *o 2 . But in a PLA, o 2 and o 2 will be mutually 

p 

dominant. Since 0 \ and 02 are mutually nondominating, o\ has to be different from <9 2 - This 
means that if the true outputs for states n and n ¥ are mutually nondominating for input i', then it 
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will hold as a distinguishing vector in the faulty condition as well. The fault, in this case, could be 
either GROWTH or SHRINKAGE. 

If the fault which has propagated to the NS lines is of type GROWTH fault then for ensuring a 
distinguishing vector it is not necessary to have mutually nondominating outputs for the true 
faulty state pair. Applying i' to the faulty state machine in state n F may produce a corrupted pri- 
mary output vector o 2 . Since the fault is a GROWTH fault, o 2 o o 2 . In the true machine, if o 2 , 
the output corresponding to the state n F and input i', dominate oj, the output corresponding to 
the state n and input \ , then it can be assured that the corrupted output 02 ^ o 1 . 

Similarly, if the fault propagated to the NS lines is of type SHRINKAGE fault, then a dominance 
relationship o 2 c 0 | for an input 1 in the true machine will guarantee the easy testability. Here, 
due to the fault the output o 2 may be corrupted to produce a vector o 2 czo 2 . The relations o 2 c o x 
and o 2 c o 2 makes sure that the output produced by the input T and present state n F will never be 
equal to oj. 

Depending upon the type of crosspoint fault under test, the codes n and « F will have certain 
relationships. Note that n and n F subsets of true and faulty outputs of the PLA. For a GROWTH 
fault, the faulty state code will dominate the true state code ( n F =3 n). On the other hand, for a 

n 

SHRINKAGE fault, true state code will dominate the faulty state code (n 3 n ). These observa- 
tions can be combined to state that, for a single crosspoint fault of any kind, codes n and n will be 
mutually dominant. By the same token, a pair of states with mutually nondominating codes can 
never appear as faulty fault-free states in a P LA-based FSM. 

The most difficult part of the sequential test generation process is to find the distinguishing 
sequence. The constrained state assignment procedure used in FISTEM ensures that the faulty 
fault-free next state pairs are always propagated to POs within one clock cycle. The state encod- 
ing of the machine is such that all the nondistinguishable state pairs are assigned mutually non- 
dominating codes and never allowed to appear as faulty fault-free pairs. The testability constraints 
which have to be imposed on the synthesis procedure to ensure easy testability are discussed in 
the following section. 
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3.3 Testability Constraints 

The ultimate aim of the present synthesis approach is to ensure easy and full test coverage for 
the combinationally irredundant faults in the PLA. This require a valid justification sequence, a 
test vector, and a single distinguishing vector for each irredundant fault in the PLA. -reachability 
of the machine to be synthesized is a most important requirement. This point is discussed in the 
following subsection. 

3.3.1 JR-reachability Constraint 

For a nonscan design, the STG has to be /^-reachable to obtain the maximum fault coverage. 
This means that input sequences for placing the machine in any of the 2 n possible states, begin- 
ning from the reset state, should exist. Here n is the number of encoding bits. An initial state, 
called reset state, is assumed to exist for every machine. The input specification of the FSM need 
not necessarily have N s = 2 X states, where x = 1,2, 3, ..etc. But excitation of faults in the PLA may 
require the machine to be in any of the 2 n states. To guarantee justification sequences for each of 
these PLA faults, all the possible 2 n states should be made reachable from the reset state, when the 
number of states N s < 2 n , extra states have to be added to the STG. It also has to be ensured that 
these newly added states are reachable from the reset state to satisfy the /? -reachability condition. 
Any of the following approach can be used for this: 

• In the case of an incompletely specified FSM, the unspecified transition edges can be used to 
connect the added states to the specified STG. 

• If the state machine is fully specified then an extra primary input may have to be added. This 
will double the number of minterms/cube, with half of them unspecified. 

• Another way to achieve this is to split an existing state in to two or more. In this case the 
generated states will be equivalent to each other. This can be applied to both completely and 
incompletely specified machines. 

Once the R -reachability condition is satisfied for an STG, justification sequences and excitation 
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vectors are guaranteed for all the faults in its two-level implementation. 

3.3.2 Constraints on State Assignment 

Constraints on state assignment for easy testability are to be extracted from the STG to be syn- 
thesized on the basis of state fan outs. This extraction process tries to identify those states which 
may not be distinguishable in the presence of a crosspoint fault. For each of the state pairs in the 
graph, one of the following constraints has to be selected depending upon the relationship 
between their fanouts. Let us consider a pair of states S] and s 2 for the following discussion. 

• If the outputs produced by states Sj and s 2 are identical for all input combinations, then the 
states are to be assigned mutually nondominating codes. 

• If there is at least one input for which the output of Sj dominates the output of s 2 and no input 
for which the output of s 2 dominates the output of Sj then the states have to be coded in such 
a way that Code(Sl) <Z Code(S2). This means that either the code of Sj should dominate 
that of s 2 or the two codes have to be mutually nondominant. At least for a single bit position 
Sj has to dominate^. 

• If there is at least one input for which the outputs of state Sj and s 2 are mutually nondominant 
then no constraint has to be imposed on the relationship between these state codes, to guar- 
antee a distinguishing vector. 

• If there are one or more inputs for which the output of Sj dominates the output of s 2 , and 
there are also one or more inputs for which the output of s 2 dominates the output of sj then 
no constraint has to be considered for the state pair. 

3.4 Synthesis Procedure 

3.4. 1 Background 

The synthesis procedure proposed here is a modification of the constrained state assignment 
approach described in [7]. The approach in [7] was to assign mutually nondominating codes for 
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all state pairs which do not produce mutually nondominating POs for at least one primary input 
vector. Though this procedure ensures easy testability for all the irredundant crosspoint faults in 
the synthesized PLA based FSM, stringent nature of the constraints used makes synthesis of many 
practical FSMs difficult. In many cases, the approach doesn’t ensure easy testability for all the 
testable crosspoint faults in the PLA. For example, if one state in an FSM always produces 0 at all 
POs, then according to the work proposed in [7] that state has to be coded in such a way that the 
assigned code is mutually nondominant with all (2 n - 1) other state codes. This is not possible 
with a n bit encoding. 

From the discussions of the previous two sections, it is clear that a less stringent set of con- 
straint can be used to ensure the same level of testability. In the present approach, a pair of states 
has to be assigned mutually nondominating codes only when the POs of the two states are identi- 
cal for all input combinations. For a state which produces zero POs for all input combinations, the 
present set of constraints can be satisfied by assigning zero-code. Using the set of constraints 
derived in the previous sections, the present synthesis procedure can cover a larger domain of 
practical FSM designs. 

There are three major steps in generating a easily testable two-level implementation from the 
STG representation of the FSM. These steps are: 

1. Raising the number of states in the FSM to 2 n where n is the number of encoding bits and 
making all the states reachable from the reset state, 

2. Extraction of testability constraints for the state assignment on the basis of state fan outs 
and 

3. Optimal state assignment meeting the dominance constraints extracted in step 2. 

A more detailed discussion on the procedure is given below. A benchmark example (MCNC 87) 
named “dkl7” is used to illustrate the flow of the algorithm.The State Transition Table representa- 
tion of this FSM is shown in Table 3.1. 
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Table 3.1: State Transition Table Representation of example “dkl7” 


3.4.2 ^-reachability 

If the number of states in the FSM is close to 2 n but not quite 2 n then splitting an existing state 
in the machine is found to be attractive from the area penalty view point[5]. For the example 
u dkl7” number of states is 8 = 2 3 and all the eight states are reachable from the reset state. Since 
this satisfies the ^-reachability constraint no modification of the STG is required. As an example 
let us consider another FSM (Figure 3.1) with three states sj, s 2 and s 3 . Note that sj has got fanin 
edges from states s 2 and s 3 . To raise the number of states from 3 to 4 the edge from s 2 tosj can be 
made to go to another state s 4 whose fanout is identical to Sj. But here the problem is that the 
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states Sj and S 4 are equivalent states (with identical fanout) and they have to be coded with mutu- 
ally nondominating codes. This will make the state encoding step more constrained. 



Figure 3. 1 : State Splitting for /? -reachability 

If a large number of states are to be added to the STG to raise the number of states in it to 2 n 
then the new states can be added to the original STG in a variety of ways. The new states can be 
connected in chain or separately connected from the original states. Practical FSMs designs, gen- 
erally, have a large number of unspecified transitions and these can be used to attach the newly 
added states to the original STG. For a completely specified machine an extra input may be 
required. 

3.4.3 Constraints Extraction 

Here, the dominance relationships between each pair of states in the FSM which can guarantee 
easy testability have to be extracted from the STG on the basis of state fanouts. These constraints 
are stored in a dominance matrix with N s rows and N s columns and are used for guiding the subse- 
quent graph embedding process. The N s rows and N s columns are associated with the N s states. 
The entries in this matrix can be either 1 or 0. Except the diagonal elements, each entry in the 
matrix represents the a dominance relationship between a pair of states. For example an entry 1 in 
the i th row and j th column means that the code for j th state should dominate the code for i th state at 
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least in a single bit position. A zero-entry doesn’t impose any constraints on the corresponding 
state pair. If the entries at (i, j) as well as (j, i ) are l’s then the codes of the states have to dominate 
each other in some bit position. This means that the codes have to be mutually nondominant. The 
flow of the process is as follows: 

• Construct the N s x N s dominance matrix and initialize all the entries to 1. 

• For each pair of states in the machine, fanout edges are examined. 

• If the intersection of input cubes/minterms for two edges, one from each state, is not null the 
corresponding output vectors are compared. 

• Depending upon the dominance relationships between the output vectors, modify the corre- 
sponding entries in the dominance matrix. If the output of the state dominates the output 
of the j lh state for some common input then set the entry (i, j) to value 0. If the outputs are 
mutually nondominant then set both entries (i, j) and (j, i ) to zeroes. 

• Each time after modifying the matrix entry, check the values (i, j ) and (j, i ). If both are zero 
stop comparing the fanout edges for the present pair of states. 
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Table 3.2: Dominance matrix for example “dkl7” 
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Dominance matrix for example “dkl7” is shown in Table 3.2. Let us follow the procedure 
explained above to find the dominance relations between the codes for st2 and st4. From the STT 
representation of this FSM (Table 3.1), it can be seen that both the states have four fanout edges 
each. Each edge of st2 is compared with that of st4 to find the pair of edges, one from each state, 
with some input minterms common to each other. There are four such pairs of edges correspond- 
ing to the primary inputs oo, oi, l o , and 1 1 . For input i o, the POs corresponding to the edges 
from st2 as well as st4 are identical. This doesn’t require us to change the matrix entries. For all 
other edge pairs output generated by st4 dominates that of st2. This implies that code of st2 should 
not dominate that of st4. So the entry (4, 2) is changed to 0. For states stl and st4 the POs gener- 
ated for input 0 0 are mutually nondominant. So both the entries for this state pair are set to zero 
and the rest of the edge pairs are skipped. 

3.4.4 State Encoding 

The state encoding approach for the easily testable FSM is similar to the optimum state assign- 
ment procedure outlined in Chapter 2, except for the additional constraints which are to be satis- 
fied for easy testability. The fanin/fanout oriented algorithms discussed in Chapter 2 are used for 
the weighted graph construction. The wedge clustering algorithm for the graph embedding pro- 
cess is to be modified. In this step, when a cluster of states is selected, they are checked for con- 
straints in the dominance matrix. The states in the cluster are assigned minimally distant codes 
satisfying the constraints. The flow of the state encoder is as follows: 

• Construct the weighted graph using fanin/fanout oriented algorithms. 

• Follow the wedge clustering algorithm for selection of strongly connected clusters in the 
STG. 

• Once a group of states is selected for coding, check for the constraints in the dominance 
matrix and assign minimally distant set of codes to the states satisfying these constraints. 


For the example “dkl7”, the weighted graph is constructed using the fanin oriented algorithm. 
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The first cluster selected from the graph, for encoding, consists of st4, st3, st5 and stl where st4 is 
the head node. In the present case the head node of the first cluster cannot be directly assigned 
zero-code as done -*in the optimum encoding process. From the dominance matrix, it can be 
noticed that the code of st4 has to dominate at least four other state codes (at least in a single bit 
position). So the head node st4 is assigned a code on. Rest of the nodes in the cluster are 
assigned minimum distant codes from the head node code, whenever possible. 

st4 => oil st3 => 001 st5 => 010 , stl =>m 
In the next cluster st3, st5, st2, and stl there is only a single uncoded state: st2 
St2 =>000 

The subsequent clusters and the assignments are as follows: 

st2, st5, stl , and st6 st6 => l o o 

st5, stl, st6, and st7 st7=>no 

stl, st8, st7 and st6 st8=>ioi 

For this encoding, the optimized (using ESPRESSO) PLA implementation of the FSM will 
have 23 product terms where as the optimally encoded implementation will have 21 product 
terms. So the area penalty for achieving easy testability, in the present case, is 9.5%. 

GENSEQ, the test generation program of FISTEM, was used to obtain the test sequences for 
the present example. 63 test sequences of average length 3.2 were generated with a total fault cov- 
erage of 96.4%. Maximum length of the sequence was 5. Using the PLA test pattern generation 
program of FISTEM (PLATEST), tests were also generated for the combinational part of the syn- 
thesized FSM. 31 test patterns were produced to obtain the maximum possible fault coverage of 
96.4%. So the fault coverage obtained for the synthesized nonscan FSM is same as that of a full 
scan design with the same combinational part. At the current point of time, graph embedding step 
of the testability synthesis tool is not fully automated and needs manual intervention. 
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Chapter 4 

Test Generation 

This chapter addresses the problem of test generation for easily testable PLA-based FSMs. A 
procedure for generating test sequences to detect all the irredundant crosspoint faults in PLA is 
described. The test sequences are obtained by concatenating a fault-free justification sequence, 
the input excitation vector, and a distinguishing vector (which is guaranteed to exist for an easily 
testable FSM). GENSEQ, the test sequence generator of FISTEM, implements this procedure to 
obtain maximum fault coverage for the PLA-faults. Internal faults of the memory elements are not 
considered. 

An exact algorithm for test pattern generation and simple breadth first search on the STG are 
used to generate the sequences. A new version of PLATEST, a PLA test pattern generator has 
been implemented to generate a compact set of test vectors which covers all the testable cross- 
point faults in the PLA. A brief description of this pattern generation strategy is given §4.1. The 
high level structure of GENSEQ and the sequence generation approach are explained in §4.2. In 
§4.3 optimized two-level implementation of a small FSM is used for illustrating the flow of the 
test generation process 
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4.1 Test Pattern Generation 

In this section, a brief description of the PLA test pattern generation approach used in the 
present work is presented. This approach is targeted towards the crosspoint fault model of pro- 
grammable arrays. The algorithm described is based on two basic principles: Path sensitization 
and fault simulation. 

The work described in [19] includes implementation of these algorithms in C in PC/DOS envi- 
ronment. This program, named PLATEST, generates a set of test vectors to cover most of the PLA 
crosspoint faults, from an optimized PLA representation generated by ESPRESSO. In the present 
work, a new version of PLATEST has been implemented as a component of FISTEM environ- 
ment. In addition to the deterministic algorithms implemented in [19], some heuristics in the area 
of don’t-care bit fixing, Backend Fault Simulation, and the fault processing order also have been 
incorporated. The current version generates a compact set of test vectors to cover maximum cros- 
spoint faults in the PLA. The algorithm is exact, i.e., every testable crosspoint faults is tested. 

If the input PLA representation is a prime and irredundant one, then the tests generated by 
PLATEST will detect all the Growth and Disappearance faults in the PLA. Logic minimization 
programs like ESPRESSO can ensure prime and irredundant covers, and hence 100 percent test- 
ability for the stuck-at faults in the PLA. However, since the crosspoint fault model is a super set 
of stuck-at fault model, PLAs implementing prime and irredundant covers may not be testable for 
all crosspoint faults. However a large percentage of these faults can be made testable via optimi- 
zation [26]. Only a few Shrinkage and Appearance faults will be left undetected. 

The strategy used, in PLATEST, for test generation consists of three major steps: 

1. Identify all the crosspoint faults in the PLA from its personality matrix representation 
and prepare a fault list. 

2. For each fault in the list, find a test vector using the deterministic algorithms. 

3. Fault simulate the test pattern generated in the step2 and remove all the faults covered by 
the pattern from the fault list, before the next fault is considered in step2 for pattern gen- 


eration. 
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A brief discussion on each of these steps are and the various heuristics used, are presented in 
the following subsection. A detailed discussion of the algorithms can also be found in [19] and 
[26]. 


4.1.1 Fault List Preparation 

From the input personality matrix representation of the PLA, a list of all Growth, Shrinkage, 
Appearance and Disappearance faults is prepared. Output stuck-at faults are not considered in the 
present implementation. However, most of these faults are automatically covered by the tests for 
other types of faults. For an input PLA implementation shown in Table 4.1, the fault list generated 
by PLATEST is given in Table 4.2. This example is a PLA implementation of NSL and OL for a 
small FSM[7] whose states are encoded using the testability-driven synthesis approach, discussed 
in the previous chapter. 


0 

1 

2 

3 

4 

5 


Table 4. 1 : Personality Matrix Representation of the PLA for the FSM example[7] 

For each contact in the input cubes, a Growth fault is considered where as each don t-care bit in 
the input plane maps into a pair of Shrinkage faults; One for the extra contact in the Is line and the 
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other for the Os line. For each Is in the output plane a Disappearance fault is included. Similarly 
for Os in the output plane, Appearance faults. 


Plines 
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Table 4.2: List of Cross Point Faults for the PLA implementation of FSM example [7] 

4.1.2 Deterministic Algorithms 

The algorithms used in PLATEST for test generation are deterministic in nature and are based 
on the principle of path sensitization. Here the approach is to obtain at least a minterm which on 
applying to the PLA excites the fault under consideration and propagates the effect of the fault to 
the output. Even though the steps of fault excitation, error propagation and line justification are 
not explicit, the procedure discussed below does the same to obtain test patterns. The program 
uses a complex fundamental operation called sharp (#), very extensively, to find the set difference 
between various Boolean covers. 

a) Growth Faults 

I 

On occurrence of a Growth fault in i th row of PLA, the cube c- corresponding to the that row ; 
will change to cf 3 c t . The cube cf - c f covers the vertices added to c, by the fault. In path sen- 
sitization approach the first step is to apply an input which will generate opposite logical values at ; 

the fault site, for true and faulty conditions. The inputs of the PLA has to be set to a value corre- 
spending to any of the vertices in cf - c f to excite the fault. For the propagation of this effect of ; 
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the fault to an output, all other product terms asserting that output should be Os. So for justifying 
the line of propagation of a fault to an output, say k th , the test should not be covered by the ON set 
of that output. Hence, the set of vertices added to the CW-set of k th output (which will be the set of 
tests for the fault under consideration) can be found from the set difference (cf - c-) #RON k (c i ). 
Here, RON k (c is the set of all the cubes which defines the ON-set of output except the 
cube c-. If the inputs of the PLA are set to a value corresponding to any of these vertices, a faulty 
PLA will have a 1 in the kf h output while the good PLA has a 0 in it. 

The set difference between c f and c- consists of a single cube and can be easily found from the 
cube c- r On occurrence of a Growth fault at position (i, j) will change the cube c i in its j th input, 
from a care input value to don’t care. This will double the number of vertices covered by the cube. 
The set of vertices added, cf - c-, can be easily found by replacing the j th input of c i to its logi- 
cally opposite value. As an example let us consider the possible Growth fault at position (0, 0) in 
the example PLA given in Figure 4. 1 . The cube corresponding to i = 0, Cq = [ 0 0 1 - ] will change 
to cf = [ - 0 1 - ] , due to the occurrence of this fault. The set of vertices added to Cq is cf - c 0 = 
[ 1 0 1 - ] . To obtain a test vector for this fault a nonempty value for (cf - c 0 ) # RON k (c 0i ) should 
exist for some output k. In the present case, for output (k = 0), the complete ON-set is (from Table 
4.1) 

ONq ' =[[001-], [1-01], [ — 10]] 

Reduced-CW-by-Co RON 0 (c 0 ) =[[1-01], [ — 10]] 

So the test set for the G(0, 0) is = [101 — ] # [[1-01], [ — 10]] 

= ( [ 101 -] # [ 1 - 01 ] ) # [ — 10 ] 

= [ 101 -] # [— 10 ] 

= [ 1010 ] 

The single minterm test set [ 1 0 1 0 ] can detect the Growth fault at (0, 0) and is included in the 
test vectors (Table 4.4)generated by PLATEST for the example PLA. 

b) Shrinkage Fault 

The set of tests which detect a Shrinkage fault which causes a cube c- to become c ■ c: c-, is 
given by the set of vertices of the cubes in (c- — cf ) # RON^c-), where k is the output where the 
fault can be detected. Here the cube (c t - - cf) covers the vertices which are removed from cube 
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c i due to the occurrence of the fault. The sharp operation identifies the vertices which are covered 
only by (c t — c-) . For the PLA inputs corresponding to these vertices, the ^ output of the PLA 
will have 1 and 0 outputs for true and faulty conditions respectively. 

Considering a Shrinkage fault at (0, 3 : 0) in the example PLA of Table 4.1, it can be seen that 
the occurrence the of this fault shrinks the input cube c 0 = [001-] to c J = [0010]. Number of 
vertices covered by the cube has reduced from 2 to 1. The difference (c 0 - cj) can be easily 
found by replacing the (j = 3) rd bit of cj to its logically opposite value. 


F 

i.e., (c 0 -c 0 ) 

Reduced-ON-by-Cy RON 0 (c 0 ) 
The set of tests for fault (0, 3 : 0) 


[ 0011 ] 

[[ 1 - 01 ], [-- 10 ]] 

[ 0011 ] # [[ 1 - 01 ], [ — 10 ]] 
([ 0011 ] # [ 1 - 01 ]) # [-- 10 ] 
[ 0011 ] # [ — 10 ] 

[ 0011 ] 


In this case also a single minterm test is obtained and it will detect the fault at the 0 th output. In 
the case of a Shrinkage fault it is possible that the test set derived for all the output columns are 
0. In such cases PLATEST includes those faults into a list of undetectable faults. 


c) Appearance and Disappearance Faults 

A crosspoint fault at location (z, k) of the output plane of the PLA can add or remove the i th 
cube c.j in the CW-set of k lh outputs. If the fault is Disappearance fault then the vertices covered 
by the cube c- will be removed from the ON- set of the output where as in the case of Appearance 
fault vertices will be added. Any free minterm covered by the cube c i can detect the occurrence of 
any of these faults. The free minterms in the cube c i corresponds to those vertices which are real- 
ized only by the i th product line of the PLA. For a Disappearance fault at (i, k ) the set of tests can 
be found as c f # RON k (c t ). For Appearance fault, it will be c i # ON k . As examples let us consider 
the faults at (5, 1) and (5, 2) in the output plane of the example PLA. For the Disappearance fault 
at (5,1) c ; = c 5 = [ — 10]. 



For the output (k = 1) 
RONfriCj) = RONj(c 5 ) 
Set of test vectors 
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= [[-- 01 ], [- 100 ]] 

= [— 10 ] # [ [ — 01 ] , [- 100 ] ] 

= ([-- 10 ] # [ — 01 ]) # [- 100 ] 

= [ — 10 ] # [- 100 ] 

= [ — 10 ] 

Any of these four patterns can be used to detect the Disappearance fault at (5, 1). Similarly for 
the Appearance fault at (5, 2) the test set is 

c L # ON k (Ci) = c 5 # ON 2 (c 5 ) 

= [— 10 ] # [- 100 ] 

= [ — 10 ] 

The fault can be detected at the second output of the PLA by applying any of these four vectors. 
A true PLA response will be 0 while the faulty output is 1. It should be noted that the Boolean 
optimization step using ESPRESSO doesn’t guarantee a free minterm for all the cubes in the opti- 
mized PLA. However, ESPRESSO ensures that every cube connected to an output will have at 
least one free minterm w.r.t. that output. But still some of these cubes can be covered entirely by a 
set of cubes connected to other outputs in the PLA. As a result when some of the Appearance 
faults are undetectable full testability is guaranteed for the Disappearance faults. 

4.1.3 Fault Simulation 

The test generation could be quite expensive and the number of tests large if the deterministic 
process is used for all the faults under consideration. PLATEST uses fault simulation to discover 
all the faults which are covered by a test found by deterministic algorithm for a particular fault. 
This has the effect of reducing the number of faults to be considered by the deterministic algo- 
rithm. 

The fault simulator implemented in FISTEM uses the following approach for finding all the 
faults covered by a test vector. CENTRAL L’RRARV 

I !. T.. KAi\P:JR 

4m. No. A1X3IL4U 
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• First, the don t care bits in the pattern are fixed and the test is considered as a single 
minterm input to the PLA. 

• Each of the input cubes in the PLA are examined to find all the product lines which 
are asserted by the test pattern under consideration. 

• For each output note the logical values taken by the product lines which are con- 
nected to it. 

• If all the inputs (product lines) to the OR gate corresponding to an output is zero, then 
some of the Appearance faults in that output column and Growth faults in its fanin 
product lines may be detectable. 

o If all the product lines connected to the k tfl output takes 0 value and a row (say 
i lh ), which covers the vertex corresponding to the input pattern, doesn’t have a 
contact at ( i , k) in the true machine then the fault A (i, k ) will be covered by the 
test vector under consideration. 

o If all the product lines connected to the k th output are evaluated to 0 and a cube 
c ■ corresponding to one of these p-lines is distance-1 from the input pattern 
then the Growth fault at the conflicting input line (where a 0/1 clash occur) of 
£■■ will be covered. 

• If all the fanin cubes for an output takes value 0, except for a single cube correspond- 
ing to (say i th ) a product line, then 

o The Disappearance fault at (i, k ) will be detected by the test vector under con- 
sideration. 

o If there are don’t care bits in the cube c- L , then one of the two possible Shrink- 
age faults at those crosspoints will be covered by the pattern under consider- 
ation. If the j th input of the cube c i is and that of the test pattern is 0(1), then 
Shrinkage faults at (i, j : 1) (at (i, j : 0)) will be covered by the test. 

Tests generated by PLATEST for the example PLA is given in Table 4.4. Out of the total of 62 
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faults in the PLA, only 14 were considered by the deterministic algorithms. Rest of the faults were 
covered by these deterministically found patterns. This clearly shows the efficacy of the fault sim- 
ulation approach in generating a compact set of test vectors, simultaneously reducing the run 
time. 


Crosspoint Faults covered by the test vector [1010] 

Growth 

Shrinkage 

Appearance 

Disappearance 

(2, 3) 

(5, 0 : 0), (5, 0 : 1) 

(5, 2), (5,4) 

(5, 0), (5, 1), (5, 3) 


Table 4.3: The List of Crosspoint faults covered by test vector [1010] 


4.1.4 Heuristics 

In the current version of PLATEST, some powerful heuristics in the area of fault processing 
order, Backend Fault Simulation (BFS), and don’t-care bit fixing are incorporated for improving 
the run-time performance of the program and the test set minimality. A discussion on each of 
these is given below: 

a) Don’t Care Bit Fixing 

Before performing fault simulation, all don’t care bits in a test pattern have to be fully speci- 
fied. The fault coverage of the test vector and the subsequent compaction of the patterns are 
dependent on the step of fixing the don’t care bits. For the vectors generated for G and A faults 
using deterministic approach, the bits are replaced by randomly selected 0 and 1 bits. In the 
case of S and D tests the don’t care bits are set to address the untested S faults in the same cube. 
By doing so, the first S or D test considered for a cube will address at least half of the S tests on it. 
If both the Shrinkage faults at a crosspoint in that cube are not tested the present vector is split 
into two so that the two tests will address at least half of the S tests on it. If both the S faults at the 
don’t care bit position of a test pattern is already tested then the bits are randomly fixed. 

b) Backend Fault Simulation (BFS) 

Though a test is not redundant when it is generated, at the end of test generation some tests may 
become redundant. Finding the essential tests from the generated set is a minimum covenng prob- 
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lexn and is /VP-hard. A simple heuristic [24] called Bottom-Up Backend Fault Simulation is used 
to reduce the size of the test set generated by PLATES T. Here, tests are fault simulated in the 
reverse order of their generation. Faults covered by a test vector are removed from the list. If a 
vector is found not to cover any remaining fault it is removed from the set. For the examples tried 
on PLATEST an average test set size reduction of around 10 percent was obtained. In the present 
example number of patterns in the test set is reduced from its original number 14 to 13 via BFS. 
For some examples, a further reduction in the test set size was observed by once again performing 
BFS on the test set. However the minimization achieved in the second round was very small and 
the run time was comparable with that of first run. 

c) Fault Processing Order 

It has been noted that the A and D faults in a PLA have got larger test sets compared to the G 
and S fault tests. This can be explained in terms of the closeness of these fault sites to the outputs. 
In general, for any circuit, the faults closer to the output will create larger impact on the function- 
ality of the circuit. So the probability of a random pattern covering a fault is more in the case of A 
and D faults. From this point of view, the fault processing operations are ordered in such a way 
that G and S faults are considered first and then the A and D faults. In the example considered in 
this section, the first 14 vectors obtained from the deterministic algorithms covered all other test- 
able faults in the PLA. It is worth mentioning that A and D faults in this example are never con- 
sidered by the deterministic algorithm. All these output plane faults are covered by the tests 
generated for G and S faults. 

Test vectors generated by PLATEST for the PLA example is given in Table 4.4. The ratio of the 
“used crosspoints” in the PLA to the number of patterns generated for the example is 26/13 = 2, 
which is an index of the efficacy of the program in generating a small set of test to cover all the 
testable crosspoint faults in the PLA. There are only two undetectable faults in the present exam- 
ple: A(3, 1) and S(0, 3 : 1) and rest of the 62 faults are covered by 13 test patterns. Hence the fault 
coverage achieved by PLATEST for this example is 96.8 percent. For Growth and Disappearance 
faults full coverage of the fault is obtained. 
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SI. No. 

Test Pattern 

True Output 

1 

1010 

11010 

2 

0110 

11010 

3 

1001 

11010 

4 

1111 

00001 

5 

1100 

01100 

6 

0100 

01100 

7 

0011 

10000 

8 

1000 

00000 

9 

0101 

01000 

10 

1101 

11010 

11 

0000 

00000 

12 

0111 

00000 

13 

1011 

00001 


Table 4.4: Test Patterns and True Outputs for the 
PLA implementation of FSM example[7] 


4.2 Test Sequence Generation 

The sequential test generation program of FISTEM, named GENSEQ, accepts the encoded 
State Transition Table representation of easily testable FSMs and generates a compact set of test 
sequences to achieve maximum fault coverage. Only easily testable FSMs are targeted in the cur- 
rent implementation and it is assumed that at least one distinguishing vector exists for each true- 
faulty state pair in the input FSM. It is also assumed that the cardinality of the input graph is 2x 
where *=1,2, 3...etc. and all the states are reachable from an initial state (reset state). 
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4.2.1 Easy testability 

In GENSEQ, sequences are obtained by concatenating the justification sequence and the input 
portion of the test pattern generated by PLATEST. If the effect of the fault doesn’t propagate to 
the PO then a single distinguishing vector for the true-faulty state pair also will be appended to it. 

A conventional sequential test generator also does the same to obtain test sequences for opti- 
mized state machines. But in that case a sequence of input vectors may be required to distinguish 
between true and faulty states. Such a distinguishing sequence may not exist if the true and faulty 
states are equivalent. Since no cl priori knowledge of the length of the distinguishing sequence is 
available, a large amount of effort may be wasted in searching among all the possible sequences 
of different lengths. When the true and faulty states are equivalent, the program has to search 
quite exhaustively before giving up. Another possibility is that even if such a distinguishing 
sequence exist in the true machine, it may not hold under the fault condition. 

In the present case, at least one distinguishing vector is guaranteed to exist for each true faulty 
state pair. The considerably reduces the search time. In conventional test sequence generation, the 
entire sequence generated has to be fault simulated to make sure that the fault under consideration 
doesn’t corrupt the sequence. The constrained synthesis procedure also ensures that the guaran- 
teed distinguishing vectors always hold under fault conditions, therefore only justifications are to 
be fault simulated in the present problem. 

4.2.2 An Overview of the FISTEM Test Generator 

An overview of the test sequence generation part of FISTEM is shown in Figure 4.1. The input 
to the system is the encoded STT representation of an FSM synthesized using the testability 
driven approach discussed in the previous chapter. GENSEQ uses the Boolean optimization pro- 
gram ESPRESSO for obtaining a minimized, prime and irredundant, two-level implementation of 
the input FSM. All crosspoint faults of type growth, disappearance, and output stuck are guaran- 
teed to be testable via this step. PLATEST is then used to generated a compact set of test vectors 
for the optimized PLA implementation. PLATEST also provides the list of crosspoint faults cov- 
ered by each test pattern. For each of these faults GENSEQ generates a valid test sequence using 
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the corresponding test pattern and the input FSM description. 



4.2.3 Test Generation Strategy 

A brief algorithmic description of GENSEQ’s test generation procedure is given below. 

1. Obtain the minimized two-level implementation of the input FSM using ESPRESSO. 
The input file containing the encoded STT representation of the easily testable FSM in 
“kiss” format is to be directly passed to the optimizer. 

2. Run PLATEST to obtain a set of test vectors for the optimized PLA implementation gen- 
erated by ESPRESSO. Lists of crosspoint faults covered by each test pattern are also to 

be generated. 

3. Generate a valid test sequence for each of the irredundant crosspoint faults using the fol- 
lowing technique. 

• Find the test pattern which covers the fault under consideration. The first N t bits of 
this pattern gives the excitation vector. Rest of the pattern is the code of the state to 
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which the machine has to be justified before applying the excitation vector. 

• Do a simple breadth first search on the input STG to obtain a potential justification 
sequence. 

• Append the excitation vector to the potential justification sequence. 

• Fault simulate the sequence. If it is invalid in the presence of the fault under consid- 
eration then truncate the sequence after the first corrupted edge in it. If the sequence 
is valid only the last edge in the sequence will be corrupted. 

• The last vector in the resulting sequence excites the fault under consideration.If the 
sequence is a test sequence by itself add it to the final list of sequences (if it is not 
already in the list). In this case the effect of the fault goes to the POs. 

• If the effect of the fault is not propagated to the PO lines and a true faulty state pair is 
generated then find a distinguishing vector for the state pair. While implementing 
this step the following points are to be kept in mind. 

o In the approach described in [7], distinguishing vectors always had to be an 
input for which the true and faulty states generates mutually nondominating 
outputs. 

o For any single crosspoint fault the true and faulty state codes will be mutually 

dominating. 

o In the present procedure, the approach is to search on the input STG to find an 
input pattern for which the dominance relationship between the two state codes 
and that between the corresponding outputs are similar. 

o Input vector for which the state pair under consideration asserts mutually non- 
dominating outputs is also a valid distinguishing vector. 

• Append the distinguishing vector to the simulated (fault free) sequence. If it is a new 
sequence then add it to the list of sequences. 
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4.3 Example 

Let us consider a small FSM example[7] encoded using the testability-driven synthesis dis- 
cussed in Chapter 3. Each step of the easy test generation process of GENSEQ can be illustrated 



Figure 4.2: Encoded STG representation of the FSM example[7] 

as follows.The encoded STG for this 4 state FSM example is shown in Figure 4.2. A two-level 
prime and irredundant implementation of this two input, three output FSM is obtained using 
ESPRESSO (Table 4.1). Note that this is the same PLA which has been considered in §4.1. The 
rows and columns of the PLA are numbered so that different crosspoint faults can be easily 

it 

referred to. Test patterns generated by PLATEST for this implementation is given in Table 4.4. It 
is a compact set of test vectors with the ratio of number of “used cross points” to the number of 
vectors equal to 2. Lists of faults covered by each pattern are also obtained from the test generator. 

Now let us consider a growth fault at (2, 3) and generate a test sequence for it. From the lists 
generated by PLATEST, the test vector which covers this fault is found to be [1010]. Only the 
first two bits of the PLA inputs are accessible. Last two bits shows the state to which the machine 
has to be justified before applying the excitation vector [10]. A breadth first search on the 
encoded input STG starting from the reset state 00 will give the potential justification sequence 
for state 10 as [-1], (1-], 1 00]. This, in fact, will take the machine fromreset state to state [10] 
through 1 0 1 1 and [ 1 1 ] as shown in Figure 4.3. Appending the excitation vector [1 0] with it, 
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Figure 4.3 : Search path for finding the justification sequence of state 1 0 

I 

we obtain a potential test sequence [-1], [1-], [ 00], [10] which has to be fault simulated. Simu- 
lation result for this sequence will show that the first corrupted edge in the sequence, for the 
growth fault at (2, 3), is the excitation fault itself. PLA input corresponding to this edge is 
[1010]. The fault under consideration changes the output of the PLA from [11010] to [11011]. 
It can be noticed that the primary output of the FSM also has changed from [010] to [011]. 
Hence a distinguishing vector is not necessary in this case. So the sequence [-1], [1-], [00], [10] 
is a valid test sequence to test the growth fault at (2, 3) and is included in the list of test sequences 
(entry 17 in Table 4.5). 

Considering another fault, of disappearance type, covered by the test vector [1001] the results 
obtained in each intermediate step are given below: 


Fault location 

: (3, 0) in the output plane 

Excitation vector 

: [10] 

State to which the FSM is to be justified 

: [01] 

Justification sequence 

: [-1] 

Sequence for fault simulation 

: [-1], [10] 

In this case also, the first corrupted edge 

in the sequence is the one corresponding to the excita 




SI. No. 

Test Sequences 

True Output 

1 

[li] 

100 

2 

[01] 

100 

3 

[10] 

000 

4 

[-1], [10] 

010 

5 

[11], [1-] 

010 

6 

[11], [11] 

010 

7 

[10], [11] 

100 

8 

[- 1 ], [01] 

000 

9 

[- 1 ], [11] 

010 

10 



[00], [-1] 

100 

mm 

[- 1 ], [10], [1-] 

001 

12 

[- 1 ], [1-], [11] 

001 

13 

[- 1 ], [1-], [00] 

000 

14 

[- 1 ], [01], [1-] 

010 

mm 

[- 1 ], [01], [11] 

010 

16 

[- 1 ], [1-], [10] 

001 

17 

o 

l — 1 

o 

o 

T 
% — 1 

S — 1 

f 

010 

18 

[- 1 ], [1-], [00], [01] 

010 



Table 4.5: Test Sequences and True Outputs for the FSM example[7] 
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tion vector [10]. The true and faulty PLA outputs corresponding to this input [10 01] are 
1 1 1010] and [01010]. Here the effect of the fault doesn’t appear at the PO as the last N 0 = 3 bits 
are same in both the output vectors. Instead, a faulty state [01] which is different from the true 
state [11] has been generated. Now a distinguishing vector to detect the fault at the PO in the next 
clock cycle is to be found. As discussed in the previous section an input vector for which the out- 
put of state [11] dominates the output of state [01], at least in a single bit position, has to be 
found. Examining the fanout edges of [0 1] and [11] in the STG (Figure 4.2), it can be found that 
[1-] is the only input cube for which the outputs of the two states are assured to be different even 
in the true machine. For this input outputs corresponding to the true and faulty states are [001] 
and [ 010 |. Note that output for state [11] dominates that for state [0 1] in the third bit position of 
the output vector. Hence a valid distinguishing vector [1-] exists for the disappearance fault 
under consideration. Appending this to the earlier sequence we obtain a test [-1], [10], [1-] 
(entry no. 1 1 in Table 4.5), as guaranteed by the testability-driven synthesis procedure. 
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Chapter 5 

Results and Conclusions 


In this thesis the problems of synthesis and testing of easily testable PLA-based Finite State 
Machines have been addressed. A new system, named FISTEM, which support testability synthe- 
sis and test generation of PLA-based FSMs has been proposed. The system also supports opti- 
mum state encoding and PLA test pattern generation. 

A graph construction and embedding algorithm has been implemented for optimum state 
encoding of FSMs. This approach was originally proposed for multilevel logic implementation. In 
the present work, this algorithm has been used for encoding a large number of PLA-based state 
machines. The results obtained (Table 5.1) clearly demonstrates the efficacy of this technique in 
minimizing the number of product terms in an optimized two-level implementation. 

Some modifications on these algorithms to achieve further minimization have also been tried. 
A zero coding modification (ZC) on fanout oriented algorithm has improved its performance sub- 
stantially. Additional minimization up to 40-50% has been achieved for some of the benchmark 
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examples considered. From Table 5.1, it can be seen that for most of the examples Fanout + ZC 
approach obtains better optimization. However, at least for a few cases, the ZC modification even 
increases the number of product terms in the optimized PLA. A concept of Minimization Index 
(MI) has been proposed to tackle this problem. Here the attempt is to predict the possible 


example 

Nu 

mber of Product Terms 

% reduction in Product Terms 3 

Random b 

Fanin 

Fanout 

Fanout + ZC 

Fanin 

Fanout 

Fanout + ZC 

bus arbtr. 

32 

29 

31 

29 

9.4% 

3.1% 

9.4% 

bbara 

30 


28 

28 

13.3% 

6.7% 

6.7% 

CSC 

63 

49 

56 

45 

22.2% 

11.1% 

28.6% 

dk 14 

40 

30 

28 

31 

25% 

30% 

22.5% 

dk 15 

22 

21 

18 

18 

4.5% 

18.2% 

18.2% 

dkl6 

91 

83 

74 

74 

8.8% 

18.7% 

18.7% 

dk 17 

23 

21 

26 

24 

8.7% 

-13.1% 

-4.3% 

dk27 

m 

10 

9 

9 

9.1% 

18.2% 

18.2% 

donfile 

68 

57 

54 

54 

16.2% 

20.6% 

20.6% 

exl 

on 

55 

56 

56 

14.1% 

12.5% 

12.5% 

fetch 

- 

35 

33 

33 

- 

- 

- 

opus 

27 

16 

15 

15 

40.7% 

44.4% 

44.4% 

keyb 

110 

58 

101 

55 

47.3% 

8.2% 

50% 

lion 

10 

8 

9 

8 

20% 

10% 

20% 

planet 

103 

97 

98 

100 

5.8% 

4.9% 

2.9% 

sand 

107 

102 

95 

86 

4.7% 

11.2% 

19.6% 

sse 

35 

33 

32 

29 

5.7% 

8.6% 

17.1% 

styr 

130 

106 

123 

106 

18.5% 

5.4% 

18.5% 

tbk 

204 

185 

228 

178 

9.3% 

-11.8% 

12.7% 


a* Compared to the Random encoding case 

b. An average value from a large number of random encodings 


Table 5. 1 : Optimum State Assignment Results 
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minimization from the ZC modification, in the encoding stage itself. This can help the encoder 
to skip the ZC step tor those examples for which the estimated MI values are poor. The present 
version of FINISMA, a state encoder implementing the Fanout + ZC algorithm doesn't make use 
of the estimate MI. By incorporating it the performance of the program can be further improved 
The work presented in 17] has proposed a constrained state assignment approach for ensuring 
easy testability for PLA-based FSMs. But the stringent nature of the testability constraints used 
makes the state encoding of the machine difficult, and in some cases impossible. In the present 
work a less stringent set of constraints are proposed for achieving the same goal. 

The effect of single crosspoint faults in PLAs on their input-output relations and, on the basis of 
that, the relationship between state encoding and testability have been studied. The necessary con- 
straints required for testability synthesis of PLA-based FSMs have been formulated. FISTEM 
makes use of this synthesis procedure and the Boolean minimization program ESPRESSO to real- 
ize easily testable FSMs. At the current point of time graph embedding step of the testability syn- 
thesis tool is not fully automated and needs manual intervention. 

Test sequence generator for the easily testable PLA-based FSM has been implemented using 
PLA test pattern generation and simple breadth first search in the STG. An exact algorithm which 
assures maximum fault coverage with a compact set of test patterns has been implemented. Some 
powerful heuristics are also used in the pattern generation program PLATEST to ensure reduced 
run time and test set minimality. The results obtained for Pattern and Sequence generation tools of 
FISTEM are given in Table 5.2 and 5.3. From the tables it can be seen that both programs tests all 
the testable crosspoint faults. The trend indicated by the column for area overhead in Table 5.3 is 
that for larger FSM s the area penalty for improved testability will be small. 


example 

#usod cross 
points N u 

#fault 

s 

#test 

vectors N v 

#undetectab 
le faults 

S + A = tot 

Fault 

coverage in 
% 

The ratio 
N U !N V 

dev 

— EE— 

62 

13 

1 + 1=2 

96.77 

2 

me 

34 

107 

17 

0 + 4 = 4 

96.26 

2 

dk 17 


277 

31 

5 + 5 = 10 

95.59 

4.258 


Table 5.2: Test Pattern Generation Results 
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#faults 

#test seq 

seq. length 
avg. 

seq. len 
max 

Fault 
covrge % 

Area 

overhead 

dev 

62 

25 

2.9 

5 

96.77 

20% 

me 

107 

23 

2.5 

4 

96.26 

15% 

dk!7 

277 

63 

3.2 

5 

95.59 

10% 


Table 5.3: Test Sequence Generation Results 
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